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SUMMARY 

The effects of fuel type, inlet air pressure, inlet air temperature, and 
fuel/air ratio on the combustor radiation were investigated. Combustor liner 
radiant heat flux measurements were made in the spectral region between 0.14 
and 6.5 microns at three locations in a modified commercial aviation can com- 
bustor. Two fuels, Jet A and a heavier distillate research fuel called ERBS 
were used. The use of ERBS fuel as opposed to Jet A under similar operating 
conditions resulted in increased radiation to the combustor liner and hence 
increased backside liner temperature. This increased radiation resulted in 
liner temperature increases always less than 73° C. The increased radiation 
is shown by way of calculations to be the result of increased soot concentra- 
tions in the combustor. The increased liner temperatures indicated can sub- 
stantially affect engine maintenance costs by reducing combustor liner life up 
to 1/3 because of the rapid decay in liner material properties when operated 
beyond their design conditions. 


INTRODUCTION 

An experimental investigation was conducted to determine the effects of 
fuel type and combustor operating conditions on the radiant heat flux in the 
principle zones of a JT8-D combustor. These measurements were analyzed to 
determine, within the assumption of equilibrium flame temperature, the soot 
concentration along the length of the combustor. Knowledge of local radiant 
heat flux is important in the design of combustor liners. Excessive radiant 
heat loads to the liner require additional combustor air for liner cooling, at 
the expense of combustor air needed for dilution mixing, to attain a satisfac- 
tory temperature pattern factor at the turbine entrance. 

With the advent of higher fuel costs as well as the potential threat of 
lack of availability of commercial aviation fuels, the NASA-LeRC has been 
engaged in a systematic research program to define and resolve potential prob- 
lems in expanding the range of mid-distillate fuels which the commercial avia- 
tion industry could safely use. The use of lower quality mid distillate 
fuels, with increased aromatic content, causes increased liner temperatures as 
a result of increased radiation. Generally, the increase in liner temperature 
using ERBS instead of Jet A is deceptively small (usually less than 100° C). 
But this additional small thermal load, can substantially reduce liner life 
and increase maintenance costs. 

The present investigation attempts to examine the effect of fuel type and 
combustor operating conditions on radiant heat flux. Radiant heat flux meas- 
urements were made over the wavelength interval 0.14 to 6.5 microns from which 
zonal averaged soot concentration measurements were calculated assuming that 





local equilibrium conditions existed throughout the flow field. Tests were 
conducted with Jet A and an research fuel called ERBS. Combustor operating 

rn^ r * V / n ?V rom t0 172,9 N/cm » f uel-air ratios from 0.006 to 
0.0161 and inlet-air temperature from 400 to 700 K. Radiant heat flux meas- 
urements were taken at three axial locations on the combustor liner wall. 


ANALYSIS 

A computer program was developed to model the combustion activity inside 
the combustor and extract estimates of local soot concentrations from the 
total radiometer measurements. The total radiation received by each 
radiometer is related to the radiation reflected or emitted by the far side of 

tinnIi n t^ C0n:i + LISt0r 1 th ? band radiation from the rotational and vibra- 
tional transitions of molecules of the intervening hot gas and the black body 

continuum radiation from discrete soot particles in the flow. The radiometer 

interval °0 C ° Ve ^ J ,indo ^* received radiation within the wavelength 

interval 0.14 to 6.5 ym, an interval which contains a substantial part of the 

total energy received. In the computer program, radiation from the liner wall 
the gg| 1ected S1nce > generally, the wall is at a much cooler temperature than 


It was assumed that each radiometer location in the flow was one dimen- 

m.rnnLe"^^ cbe Ti cal equilibrium existed at each radiometer site. For the 
hrnS ht • f ca H Iculatl ° n ’ ? 7 Percent of the total air flow was assumed to be 
brought in upstream of primary zone radiometer site, 35 percent upstream of 
secondary site, and 59.5 percent upstream of the dilution site. These per- 
cenUges corresponded to the actual pecentages of total open liner area avail - 

T air Penetration upstream of the site reported. The local equivalence 
ratio at each site can be calculated by: H e 


(f/a) 


Total 


/(f/a) 


Stoichiometric 


Local Fraction of total air brought in upstream 

enfi 6 ^ a \ stoichiometric equals 0.06824 for Jet A and 0.06924 for ERBS 

tnrl' Jlf ° n Ca \TJ : ractlons of co ? a " d H 2 0, as well as flame tempera- 
e, were calculated by knowing the local equivalance ratio using the NASA 
Equilibrium Program (ref. 1). 

The gas band radiation modeled in the computer program involved only the 
local concentration of water vapor and carbon dioxide. Using the wide expo- 
nential band model of Edwards et al, references 2 - 4 (used at ttes beyond 
the temperature limit over which its been verified) a bandwidth or an equiva- 
lent wavelength interval was found for each of the major bands of C0 2 and 
H 2 0. If A-j j is the bandwidth of the j™ band and the i^ gas in 
units of wavenumber (cm -1 ) then y 
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A fJ = C 21j (X|Pe,j) - 6 u C 31j 


if 6 ij i 1 ' 6 i j C 31 j < S 1j i C 3i j < 2 - 6 lj> 
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if b.j < 1 c < C 3iJ 


A. . = C~ . . 
1J 3i j 


, c , . . x .\ 
i„| in_L\ + i 

3i j 


if B,j < 1 e R,j > C 31j 


where C]ij, C2 n j , and 03^ j are optical parameters that are a function 
of local temperature only and are reported in reference 3. The parameter 

O 

B-jj is equal to (C?i jPe ) / (4C^ -j jC3i j) . The parameter X-j is the 
mass path length ana is equal to the product of gas density of the absorbing 
species for the band at test pressure and temperature times the optical path 
length which was held constant at 17.78 cm for the calculations. 

Pe is a pressure parameter such that: 

Pe ij - [pi + b ij (1 - Pi>] " iJ 

where pj is the partial pressure of the i th absorbing species in 
atmospheres and n^j and b^j are optical constants specified in reference 3. 

After all the bandwidths for the two absorbing species were determined at 
a given radiometer site and test condition and changed to wavelength inter- 
vals, del-jj, from wavenumbers; the bandwidths and tabulated band centers, 

1 am.j j , were examined by the computer to remove any band overlaps where two 
bands would merge into one. 

The total band radiation in the wavelength interval between .14 
and 6.5 pm was found by the computer technique of integration of the black 
body spectral emissive power over each appropriate gas band, by summing within 
a band in a series of 0.01 pm subintervals. 
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Hence, 


R 

b 


- ZEE 


i j k 



where: k is the subinterval designator, AA k = 0.1 pm; x iik is the 

wavelength in the center of each subinterval: Ei = 0.5944xl0“^ 2 w/cm 2 
and E 2 = 1.4388 cm K. 


The k summation was carried out over the entire bandwidth of the j 
band, from lamij - deljj/2 to lamjj + del-,* j/2 . 

^ ,?T the experimental total radiation heat flux measurement for a 
given radiometer location and given test condition and R s is the soot com- 
ponent of the radiant heat flux, R$ can be expressed as the difference 
between the total radiation (R-j-) and the band radiation (R b ). 


R S = r t - R b 


Using the optical properties of propane soot as determined by Dalzell and 
Sarofim, reference 5, and a trial and error computer technique, a soot concen- 
tration was guessed and the radiation from trial soot concentration at the 
appropriate local test conditions was found in the wavelength interval between 
0.14 and 6.5 urn, not including the gas band intervals in this region because 
these intervals already saturated with black body radiation have already been 
subtracted from the total radiation measurement. Therefore, 


R 



i 



k 


2u Ej [1 - exp (-KCS)] [AA k ] 
Ak [exp (E 2 / (x &k T p ) ) - 1] 


where «, is non gas band designator in the wavelength interval 0.14 to 6.5 
ym, S is the optical path length which was held constant at 17.78 cm for the 
calculations, C is soot volume concentration and is equal to the soot concen- 
tration divided by the density of soot (assumed to be 2 gm/cnv 5 ) K is a 
spectral absorption coefficient determined by Dalzell and Sarofim (ref 5) 

The following curve fit equations were used: 

K(x) = 3.8xl0 4 A" 1 - 48 if \ < 0.52 pm 

6.23xl0 4 x- 0-7232 0 .52 pm <_ x < 1.8 pm 

9.72xl0 4 A' 1 - 48 if x > 1.8 pm 

R <5 trial was compared with the measured soot radiation Rc and a 
new estimate of soot concentration was made. This process was repeated until 
the resulting sum matched the measured soot radiation estimate. In this wav 
local soot concentration estimates were found. A summary of the computer * 
results for the test conditions used in this study are given in table VI. 
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APPARATUS AND PROCEDURE 


Test Facility 

The test facility is shown schematically in figure 1. Laboratory-wide 
high pressure cold combustion air up to 25 atmospheres is supplied to this 
facility through flow straighteners and subsequently the flow is regulated and 
metered up to 10 kg/sec using an orifice. The air is then split into two 
legs, a cold and a hot, to gain more accurate temperature control. In the hot 
leg the air is passed over a natural gas fired heat exchanger. The air 
remains nonvitiated. The cold leg has a regulating value to apportion the 
split between the hot and cold leg. The two airstreams rejoin and are allowed 
to become well mixed before entering the test section, which houses the com- o 
bustor and test instrumentation. Combustor inlet air temperatures up to 870°K 
are attainable with this system. A back pressure control valve downstream of 
a water spray controls the combustor operating pressure. 


Test Section 

The test section is shown in figure 2. It consisted of tubular pressure 
housings, the combustor, fuel lines, fuel injector, ignitor and associated 
instrumentation. The associated test instrumentation consisted of pressure 
transducers, thermocouple rakes, gas sampling probes and three hot wall radio- 
meters, shown mounted into pressure housing in figure 3. The pressure trans- 
ducers, located upstream and downstream of the combustor, sensed the combustor 
inlet air pressure and pressure drop through the combustor. The thermocouple 
rakes and gas sampling probes, whose relative locations are shown in figure 4, 
were located downstream of the combustor. Forty thermocouples were evenly 
divided onto eight rakes so that a truly representative temperature map of the 
exit plane could be obtained. Likewise, four gas sampling probes also spread 
evenly over an exit cross section were connected to gas analysis equipment 
which measured NO, NOx, THC, CO and CO 2 . 

Three total radiometers manufactured by Medtherm Corporation (Model 20) 
were used in the tests. As shown in figure 5, they were mounted directly (by 
way of a threaded boss) into the high pressure housing. The radiometers 
extended inside the housing along a cylinder radius so that the tips of the 
radiometers went into an appropriate combustor liner dilution or drilled hole 
and ended at the radius of the inside surface of the combustor. The radio- 
meters are water cooled with a nitrogen purge on the outside of a sapphire 
window protecting the detector element. The radiometer had a 50* field of 
view and monitored total combustor radiation in the wavelength interval 0.14 
to 6.5 pm. Each radiometer was calibrated so that the millivolt output of the 
device corresponded to a radiant heat flux in W/cm^. 

The combustor is a single JT8-D can of the type currently in commercial 
aviation service. The combustor, composed of ten rings and a dome, had 
louvers to provide film cooling. Each of the ten rings are labeled A through 
J for the purposes of the report. Ring A being the ring nearest the dome. 

Two thermocouples were located on the opposite exterior sides of each ring, as 
well as four thermocouples on the outside of the dome. These backside thermo- 
couple locations are shown in figure 6. 
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j ,T able I Presents the location of the total radiometers used in this study 
tinn 7nnf pec i- a r ad \ ance measurement reported in reference 6. The two dilu- 

locatioS vipwpd m rnmh 1< ^ atl0nS as . we ! ] as the total radiometer secondary zone 
L h bu , \° n 9 ^ es inside the comb ostor through standard dilu- 
^nc+ h °i e Vu J he combust °r liner. In the remaining three locations small 
nonstandard holes were drilled into the liner. Fuel was fed to the dual ori- 

hmi^inn JeC Th r I" w combustor through a penetration in the high pressure 
housing. The fuel flows were metered using turbine flowmeters. 

Fuels 

Two fuels were used in this study. Jet A, the present day kerosene use by 
the commercial aviation fleet and research fuel called ERBS discussed in 

in^ahip 6 ! t 7 a ?h ° f J he differences In fuel characteristics are shown 

A in a th!Mtc h h a ERBS 1S l s l lghtly Poorer quality fuel as compared with Jet 
.. that its hydrogen content, and net heat of combustion is reduced Only 

StffeSf levels lhan an jet S Al fUr C0 " tent ° f the ERBS fue ' show ^staniiall/ 


RESULTS AND DISCUSSION 
Collected Data 

T | ble J .^ 1 t0 VI present the operating conditions and resulting test vari- 
able TTT ^ntJnc d th° f f1ame radiation in a modified can-annular combustor. 
M^-nn III r k J the combustor operating parameters and emissions data. 

Using the combustor inlet pressure and temperature, overall fuel-air mass 
r a tio, and weight percent hydrogen for the Jet A and ERBS fuel* the NASA 
KU >° mPUter Pr °srm (ref. 1), was used to predict the 'aSlabrtf? com- 

into the X vaIid?fv r nf Ure ' TI " S “ as . do " e to 9 aln some insight and confidence 
d ty °J assuming chemical equilibrium throughout the combustor 
£°r. tb< r purposes of extracting soot concentration information from the total 
radiation measurements. These calculated adiabatic equilibrium exit temoera- 
ures were on the average 17 K+10 K above the measured average exit tempera- 
ture. This result was entirely satisfactory since radial heat losses from the 
pressure housing were neglected in the computation. The applicability of 
chemical equilibrium inside the combustor closer to the fuel injector is 
unknown. Data was obtained over a range of inlet temperatures from 400 to 700 

o’oo^tn rn? S fi rVT 27,4 t0 172 N/Cm ’ and fue1 -air mass ratios from 
conditions.* 0161 * T6StS ^ rU " at represent ative combustor operating 

. Table , u IV presents tb e average backside liner temperatures. Each reading 
is the anthmatic average of the two thermocouple readings at the different 

w tTltT^^RW 10 ? 5 0n , " d1c,ted »"«r rm B . ?he Lo common L 
with Jet A and ERBS fuel, conducted at nearly the same fuel-air ratios are 

cornered by substracting the benchmark Jet A test temperature from the ERBS 
el temperature. The peak temperature difference (the qreatest excess ERRS 
temperature) of 72.6 K occurred in runs 13 and 14 at liner rina R 19 7 

cm from the injector face. The average excess ERBS temp^aS 2aJ 30 K+18 K? 
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Table V presents the fuel flow parametric measurements. A dual orifice 
nozzle was used in the study, to extend the operating range of the nozzle. 

All of the test at inlet pressures below 70 N/cm^ were run with the primary 
nozzle only, while at or above 70 N/cm^ both orifices were used. The use of 
two orifices may well produce a rather wide bimodal distribution of droplet 
sizes, with the primary nozzle producing small droplets and the secondary 
larger sizes. This variation together with the variation in fuel properties, 
ERBS fuel producing larger droplet sizes because of higher viscosity, may well 
be partly responsible for the elevated soot levels observed at higher pressure 
conditions and observed for ERBS over Jet A fuel. 

Table VI presents the computer program, described in the analysis sec- 
tion, output results, together with the measured total radiation data in the 
primary, secondary, and dilution zones. It should be noted that some of the 
radiation data was not taken, particularly dilution zone data, and hence the 
analysis of that data is missing. This resulted because of a rather high rate 
of radiometer failure by the inadvertant melting of the solder holding the 
detector leads at the point where they exited the radiometer. A potential 
correction to the problem, as yet untried, was to enclose the leads in a 
stainless steel tube that stands off the radiometer base. 

By simple averaging of all of the data of the ratios of ERBS total 
radiant heat flux measurements to the companion Jet A measurement, it was 
found that the ERBS fuel produced a 4 percent increase in the primary zone and 
an 8.4 percent increase in radiant heat flux in the secondary zone. Observing 
the soot concentration columns, a simple average of all of the data of the 
ratios of ERBS soot concentration to the companion Jet A measurement was 
obtained. It was found that the ERBS fuel caused a 23 percent increase in 
soot concentration in the primary zone and a 41 percent increase in the 
secondary zone. 

Examination of the three columns labeled primary, secondary, and dilution 
zone ratio of band to soot radiation shows an experimental variation about 
unity with differing operating conditions. When the ratio value is less than 
one, soot radiation dominates over band radiation. It can be seen that soot 
radiation becomes most dominant over band radiation (a) in the primary zone at 
high inlet temperatures (620 to 700 K) and mid-range fuel-air mass ratios 
(0.01 to 0.0137) and (b) in the secondary zone at mid to high pressures (71 to 
171 N/cm^) and high fuel-air ratios (0.013 to 0.016). 


Measured Total Radiation Behavior 

The total radiation measurements in table VI are presented in figures 7, 
8, and 9. They are intended to show in parametric fashion some of the radia- 
tion effects found in this experiment. In all the three figures the ERBS data 
fell above the Jet A data in twenty of the twenty-two unique corresponding 
data pairs presented. 

In figure 7, flame radiation is plotted versus inlet pressure at two 
different inlet temperatures, 535 and 701 K and two different fuel-air mass 
ratios, 0.0101 and 0155. At low pressure generally the primary zone issued 
more radiation than the secondary zone, while the reverse is true at high 
pressures. The effect of pressure on flame radiation is shown to be 
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nonlinear. A power law formulation of the form: flame radiation a pconstant 
was fit to the data in figure 7. The result suggested little sensitivity of 

n°c 7 xn e o POnent of P ressure to the fuel type. The power exponents calculated 
.57_0.3 are reasonable values, falling between the unity value of a optically 
thin volume emitter and zero for an optically thick black body eSltte? The 

tures^of 700 f r e fnPi_ e - Ween the *- BS a 2 d Jet A data occurred at inlet tempera- 
l^ cm 2 fue air mass ra tios of 0.0155 and pressures of 70 to 100 

Figure 8 presents radiant heat flux as a function of fuel-air mass ratio 

3 ?; 7 and 169 - 4 N/cm2 a " d a <»let Spera- 

ture /Ol K. It can be seen that increasing the fuel-air mass ratio tends tn 
elevate the secondary zone radiation reading more quickly than the primary 

™? effe . c * ma * be the result °f increased fuel Housing 
Tho o? ne chemical reaction to extend further downstream of the injector 9 
The elevation of primary zone flame radiation with fuel-air mass ratio as 

genera11 * less tha " that Predicted by a simple elevation in 
local-gas temperature as computed by the NASA Equilibrium Program as the 
equiva ence ratio is raised at a constant total emissivity, while secondary 

Inequivalence Vatio. lncreases u ^ r tha " tha ‘ predicted by simple increase 
f „„ /,lf re I presents radiant heat flux as a function of inlet temperature at 

V r n h rr sures 34 172 ni cm at a c ° nstant ^ei-air ratio 

of 0.0154. The increase in flame radiation with increasing inlet temperature 
is generally more than would be predicted by the increase in local gastlmper- 
ature at constant total emissivity caused by the increase in reactant enthalpy. 

It can be seen by the switch in peak radiation from the primary zone to 
the secondary zone as the fuel-air ratio is increased and/or the pressure is 

axial ly 1 downstream^ 6 r691 ° n ° f maximum burnin 9 ^tensity may be shifting 


Inferred Soot Concentration Behavior 

Soot concentration data were obtained by inference and not direct meas- 
urement, in a manner described in the analysis section of this report Fiqure 
10 presents the inferred soot concentration data plotted in semiloq fashion as 
a function of the calculated local equilibrium temperature for three different 

P ™““ r „ e ™ 9 n’i 7 t0 35 N/Cm? ’ 71 t0 105 N ' cm • a " d 170 to 173 N/cn£ 

The data in all three pressure ranges show in varying degrees, two trends In 
the temperature region in excess of 2000 K soot concentration falls off 
sharply with a slope that appears to become steeper with increasing pressure 
Secondly, below 2000 K in the range 1500 to 2000 K the data seem to peak at 

am/$ ! n 9 ?hf h]Hh the ’° W press “ re - 4 9i»W in the midpressure region and 8 
Zfhr u 4 . th h Pressure region. This behavior is similar to the studies 
°f tem P e r atl ^ re thermal decomposition of toluene in shock tubes (ref 91 
where the peaks in the soot yield curve occurred at about 1800 K The current 
data appears rather homogenous with respect to inlet temperature and fuel 
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Figure 11 presents the behavior of inferred soot concentration plotted in 
a semilog fashion as a function of pressure at four different calculated 
average equilibrium temperatures, 1659, 1856, 2015, and 2306 K. In the lower 
temperature domain (fig. 11(a) and ( b ) ) , the soot concentration is greatly 
enhanced by increasing pressure, while only at the highest temperatures 
2306 K, soot concentration is relatively insensitive to pressure. 

It would seem plausible considering the last two figures presented, that 
one is observing a change in soot concentration behavior at or near the 2000 K 
temperature range caused by either or both of two phenomena. Either (a) the 
chemical kinetic route or rate limiting steps responsible for soot formation 
is abruptly curtailed as the temperature is elevated by some set of high acti- 
vation energy reactions competing for the key product intermediate species 
necessary for soot formation, or (b) soot oxidation or burnout reactions 
become much more efficient in the high temperature region. 

Figure 12 presents a correlation of inferred soot concentration in the 
secondary zone with soot concentration from SAE exhaust smoke number. The 
soot concentration from the SAE smoke number was calculated by using a sug- 
gested conversion in reference 10. Smoke number was converted to mass of soot 
per standard volume and then corrected to actual exhaust volume conditions by 
the perfect gas law. The result is shown in figure 12. It must be borne in 
mind that an exact correspondence between soot concentrations measured two 
different ways is not anticipated because of the different locations in the 
combustor where the measurements are made. There appears to be approximately 
a 300 fold drop in soot concentration between the front end of the secondary 
zone and the combustor exhaust stream. The upward slope of the data indicates 
the potential that the inferred soot concentration modeling effort, discussed 
in the analysis section, is correctly tracking changes in soot concentration. 
This result is similar to the results of Norgren, reference 10, who found a 
near 1000 fold reduction between soot in the front end of the combustor and 
exit conditions. 


Combustor Liner Considerations 

Two thermocouples were located on the backside or outside of each ring of 
the combustor can. Each of the two readings were arithmatically averaged. 

The resulting sequence of liner ring averaged temperatures described the axial 
temperature variation at each test condition as shown in table IV. Figure 13 
presents the axial variation of the normalized backside liner temperatures for 
three characteristic test conditions run with Jet A fuel only. The normaliza- 
tion was accomplished by subtracting inlet air temperature from the averaged 
liner reading being plotted and dividing that result by the temperature dif- 
ference between the combustor exit and inlet. From the figure it may be seen 
that the backside liner temperatures are, as a result of liner wall film 
cooling substantially below the gas exit temperatures of the combustor. The 
first important temperature rise is at about 13 centimeters at liner ring B. 

It is caused by flame radiation, conduction and convection of heat from the 
hot gases in the primary zone. The normalized temperature ratio for these 
tests varied from 0.47 to 0.17 with 0.354+0.091 being the average value 
encountered. The data showed that at low pressure 28 N/cmS low fuel-air 
mass ratio (0.006 to 0.009), and low inlet temperature, 400 K, produced the 
expected lowest readings, while the highest readings occurred at the expected 
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maximum power conditions. Downstream of liner ring B, the normalized liner 
temperature ratio falls as expected, because of the lower local equivalence 
ratio encountered, until it reaches a minimum at liner ring E. Normalized 
ratios as low as 0.088 and as high as 0.279 were encountered at this station 
* with 0.203^0.062 being the average value. Downstream of 
this station the normalized temperature ratio rises to its highest level in 
at liner ring I, the next to last ring in the combustor. This 
r, 1 ,!® be po ? r convective cooling on the outside wall of the com- 

bustor caused by the lack of a downstream annulus air bleed and, hence an 
unfavorable recirculating local flow in that part of the air annulus ’This 
does not occur in aviation gas turbine engines. Normalized temperature ratios 
at ring I varied from 0.46 to 0.57 with 0.528+0.029 being the average value. 

Figure 14 presents the comparisons between backside liner temperatures 
using Jet A and ERBS fuel. When the local liner temperature difference at 
each ring between Jet A and ERBS fuel was compared at nearly the same oper- 
ating_ conditions, see table IV, it was found that nearly always the^ront end 
or primary zone of the combustor was hotter using ERBS fuel than Jet A while 
the further downstream on the combustor, the more likely that the Jet A tem- 
perature data would be higher. Figure 14(a) shows at lower pressures, this 
axial variation with fuel-air mass ratio, a primary correlating parameter A 

iver f thI"FRR^ SS i r f 10S ’ J he d ° mination of the ERBS fuel temperature data 
n e , thl e , ER 5 S ^ ue1 temperature data over the Jet A data is limited to the 

tnroc 2^ 2 he combustor » whlle at high fuel-air ratios the ERBS tempera- 
IZt are blgher ov ? r near] y the entire length of the combustor. At high 
pressure the zone of excess radiation from ERBS fuel over Jet A covered nearl v 
the entire liner length and was independent of fuel-air mass ratio. The 
magnitude of the temperature difference between the ERBS over Jet A data was 
at liner ring B, where a local maximum in normalized temperature ratio exists 
a ways less than 73 K while typically 30.3 K+18 K, see figure 14(b). At Hner 
ng E where there is a local minimum in normalized temperature ratio, this 
i2 e L?n f ? Ct ^mperature difference is always less than 36°K while typically 
13.4_10 K. Finally, at the last liner ring J, it was found that the Jet f\ 
data was nearly always higher than the ERBS data by typically 26.2+24.1 K. It 
wa s fGund on the average over the axial range from liner ring B to“j (12.7 to 

J2; 7 i2? do *f stream of tbe injector), the ERBS temperature started 30.3 K above 
he Jet A liner temperature data and this run averaged temperature difference 
14(b) 9Sed 1,76 K per centimeter of downstream distance as shown in figure 


SUMMARY OF RESULTS 

Radiant heat flux measurements were taken of flame emission at three 
locations in a modified JT8-D combustor. The following results were obtained. 

nf i^ 6 m/ RB 2 fu ® 1 . d ? ta as com P a red with Jet A data over a pressure range 

of 28 to 172 N/cm and inlet temperatures 400 to 700 K, run at or nearly the 

t2 m thI U 2iT air maSS ra ^2 showed an average increase in total radiant heat flux 
combJstor y 2 ° ne ° f 4 percent and 8 * 4 Percent in the secondary zone of the 
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(2) Under the assumptions of local equilibrium conditions and the 
assumption that the soot produced has the same optical properties as propane 
soot, it was found that the elevated ERBS fuel radiant heat flux was caused by 
an average 23 percent increase in the primary zone soot concentration and a 41 
percent increase in the secondary zone soot concentration. 

(3) Radiation from soot for both fuels used in this study, within the 
assumptions made in item no. 2, became the most dominant contributor over band 
radiation from H?0 and CO? (a) in the primary zone at high inlet tempera- 
tures (620 to 700 K) and mid range f/a ratios (0.01 to 0.0137) and (b) in the 
secondary zone at mid to high pressures (71 to 172 N/cnr) and high f/a 
ratios (0.013 to 0.016). 

(4) At lower pressures the zone of increased liner temperature resulting 
from the excess radiation from ERBS fuel over Jet A started in the primary 
zone and extended toward the dilution zone as the f/a ratio increased. At 
high pressure the zone of excess radiation from ERBS fuel over Jet A covered 
nearly the entire liner length and was independent of f/a ratio. 

(5) The peak excess ERBS backside liner temperature over Jet A always 
occured, except at lowest f/a ratio, about 12 cm downstream of the injector 
face plate and was always less than 73 K higher while typically 30+18 K 
higher. The increased temperatures indicated can reduce combustor liner life 
up to 1/3 primarily because of the rapid decay in liner material properties 
when operated beyond their design conditions. 
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TABLE I. - RADIOMETER AND OPTICAL ACCESS POSITIONS ON COMBUSTOR 


Location 

Type of penetration 

Axial 

distance 

from 

injector 

face, 

x, 

cm 

Cold 

nitrogen 

window 

purge 

Angular 
circumvent ial 
position 
from 
top, 
deg 

Zone Liner ring 

Primary 

A 

Nonstandard-optical access (ref. 

6) 

5.8 

Yes 

300 

Primary 

B 

Nonstandard-total radiometer 


11.1 

Yes 

32 

Secondary 

D 

Standard-total radiometer 


16.9 

Yes 

0 

Secondary 

E 

Nonstandard-optical access (ref. 

6) 

20.5 

No 

f 

300 

Dilution 

G 

Standard-total radiometer 


27.1 

Yes 

0 

Dilution 

H 

Standard-optical access (ref. 6) 


32.4 

No 

300 


TABLE II. - FUEL CHARACTERISTICS 


Specifications 

Jet A 

ERBS 

ASTM Distillation, K 

411 

435 

Initial boiling point 

451 

461 

10 percent evaporated 

479 

488 

50 percent evaporated 

517 

552 : 

90 percent evaporated 

531 

601 

Specific gravity at 289 K 

0.8142 

0.8381 

Freezing point, K 

226 

244 

Viscosity at 250 K, (M**2/sec) *1 000 000 

5 

7.2 

Net heat of combustion, joules/gm 

43304. 

42585 . 

Hydrogen, percent by weight 

13.9 

12.9 

Aromatics, percent by volume 

17.2 

35.0 

Sulfur, total percent by weight 

0.020 

0.085 













TABLE III. - C0M8UST0R OPERATING CONDITIONS 


Run Fuel Inlet 
numoer temperature, 

K 


Air mass 
flow rate, 
kg/sec 


Fuel-air Combustor 
mass exit 

ratio temperature 
K 


SAE Exit 
smoke pattern 
number factor 


Emission by volume, wet, ppm 


NO NOx CO 2 


12 700 

13 800 

15 500 

16 100 

18 200 

20 300 

31 100 

32 600 

21 900 

22 600 

26 500 

27 400 

31 400 

33 200 

25 700 

26 900 

29 000 

30 800 

33 300 
35 000 

32 900 

31 900 

33 900 




















TABLE IV. - AVERAGE 6ACKSI0E LINER TEMPERATURES 



Run 

number 

Fuel 

Dome 

temp., 

K 

Px-2.3cm 

Ring A 
temp., 

K 

0x-5.6cm 

Ring B 
temp., 

K 

0x«12.7cm 

Ring C 
temp., 

K 

0x-16.3cm 

Ring D 
temp., 

K 

@x-19.3cm _ 

Ring E 
temp., 
K 

^x-22.4 

Ring F 
temp., 

K 

0x-26.4cm 

Ring G 
temp., 

K 

0x-3O.Ocm 

Ring H 
temp., 
K 

Gx-34.5 

Ring I 
temp., 

K 

0x-4O.lcm , 

Ring J 
temp., 

K 

9x.44.7an 


aT (ERBS-JETA), K 

H 

JETA 

ERBS 

414.4 

428.3 

♦13.9 

402.1 

403.4 

♦1.3 

446.1 

451.8 

♦5.7 

131 

427.2 

426.9 

-.3 

419.7 

418.7 
-1.0 

430.6 

427.2 

-3.4 

454.0 

442.1 
-11.9 

473.8 

459.3 

-14.5 

522.3 

507.2 

-15.1 

KuKIp 

1 


aT (ERBS^ETA), k 

B 

JETA 

ERBS 

414.9 

424.0 

♦9.1 

401.5 

402.8 

♦1.3 

454.6 

458.1 

♦3.5 

443.7 
444.6 
+ .9 

434.3 

433.2 

-1.1 

424.6 

423.6 
-1.0 

436.3 

432.9 

-3.4 

461.8 

450.6 

-11.2 

484.6 

468.8 

15.8 

550.4 

531.8 

-10.6 

467.7 

453.4 

-14.3 


at (ERBS-JETA), k 

■ 

JETA 

ERBS 

415.7 

427.4 

♦11.7 

402.3 

403.3 
♦1.0 

460.4 

483.7 

♦23.3 

450.1 

459.9 

+9.8 

441.8 

446.5 

♦4.7 

431.1 

433.8 

♦2.7 

443.1 
443.3 
+ .2 

467.6 

462.9 

-4.7 

492.2 

483.8 

-8.4 

570.4 

557.2 

-13.2 

478.8 

463.4 

-15.4 


aT (ERBS-JETA), k 


JETA 

ERBS 

598.7 

614.3 

♦15.6 

545.1 

548.3 

♦3.2 

705.7 

742.9 

♦37.2 

680.8 

717.8 

♦37.0 

671.1 

705.2 
♦34.1 

648.8 

674.9 
♦26.1 

656.6 

670.4 

♦13.8 

671.6 

671.7 
♦.1 

695.4 

698.4 
♦3.0 

807.1 

782.2 
-24.9 

685.7 

633.9 

-51.8 


at (ERBS-JETA), k 

9 

10 

JETA 

ERBS 

791.6 

813.8 

♦22.2 

715.9 

721.9 
♦6.0 

845.1 

874.2 
♦29.1 

817.1 

831.2 
♦14.1 

795.2 

805.1 

♦9.9 

777.4 

782.3 

♦4.9 

793.4 

786.1 

-7.3 

810.8 

792.9 

-17.9 

831.7 

816.4 

-15.3 

895.0 

866.7 

-28.3 

796.8 

756.1 

40.7 


at (ERBS-OETA), K 

11 

12 

JETA 

ERBS 

804.0 

820.6 

♦16.6 

719.3 

725.6 

♦6.3 

885.1 

932.2 
♦47.1 

852.5 

878.8 

+26.3 

830.5 

846.2 

♦15.7 

806.2 

815.9 

♦9.0 

819.0 

815.9 

-3.1 

837.6 

821.1 

-16.5 

859.8 

848.4 

-11.4 

937.6 

906.3 

-31.3 

825.3 
779.2 
-46 .1 


aT (ERBS-JETA), k 

13 

14 

JETA 

ERBS 

809.3 

825.4 
♦16.1 

722.4 

727.7 

♦6.3 

921.6 

994.2 

♦72.6 

888.8 

943.7 

+54.9 

869.9 

909.6 

♦39.7 

841.1 
869.0 
♦27 .9 

851.8 

861.9 
♦10.1 

865.1 

879.1 
♦14.0 

884.9 

863.2 

-21.7 

973.3 

952.6 

-20.7 

836.8 

805.2 

-31.6 


aT (ERBS-JETA), < 

15 

16 

JETA 

ERBS 

673.0 

691.9 

♦18.9 

627.3 

629.3 
♦2.0 

761.3 

809.1 

♦47.8 

740.6 

762.3 

+22.2 

722.3 

736.9 

♦14.6 

695.3 

706.3 
♦11.0 

707.9 

710.4 

+2.5 

746.2 

729.2 
-17.0 

767.6 

753.7 
-13.9 

862.5 

840.1 

-22.4 

727.5 

690.7 

-36.8 


at (ERBS-1ETA), k 

17 

16 

JETA 

ERBS 

675.0 

691.1 
+16.1 

629.4 

628.9 

-.5 

783.9 

830.8 

+4C.9 

760.3 

791.4 
+30.6 

747.7 j 

773.4 

+25.7 

719.5 

738.0 

+18.5 

730.0 

739.7 

♦9.7 

762.0 

754.6 

-7.4 

787.5 

779.9 

-7.6 

895.1 

870.1 
-25.0 

753.8 

702.9 
-50.8 


at (ERBS-OETA), K 

19 

20 

JETA : 
ERBS 

675.4 

690.3 

+14.9 

629.4 

629.3 

-.1 

809.3 

843.3 
♦34.0 

786.2 

814.5 

+28.3 

775.4 

801.4 
♦26.0 

747.2 

771.8 

♦24.6 

758.3 
775 .3 
+17.0 

784.7 

786.7 
♦2.0 

811.7 

813.3 

♦1.6 

936.8 

900.9 
-35.9 

781.7 

715.2 

-66.5 


^T (ERBS-JETA), K 

21 

22 

JETA 

ERBS 

597.4 

606.3 

♦9.4 

541.2 
542.0 
+ .8 

733.3 

772.5 

+39.2 

705.2 

745.6 

+40.4 

698.2 

739.7 

♦41.5 

668.4 

703.9 

♦35.5 

681.6 

711.1 

+29.5 

690.3 

712.2 

♦21.5 

708.7 

718.7 
♦10.0 

805.3 
797 .6 
-7.7 

■ 1 

■ 

aT (ERBS-OETA), K 

21A 

22 

JETA 

ERBS 

558.1 

606.8 

♦8.7 

544.6 

542.0 

♦2.6 

736.6 

772.5 

+35.9 

716.2 

745.6 

♦29.4 

708.5 

739.7 

♦31.2 

674.4 

703.9 

+29.5 

681.5 

711.1 

♦29.5 

688.3 

712.2 

♦23.9 

707.9 

718.7 

+10.8 

806.6 

797.6 

-9.0 

613.2 

65o.8 

♦43.6 


aT (ERBS-JETA), k 

23 

24 

JETA 

ERBS 

783.4 

794.3 

♦11.4 

712.8 

714.9 
♦2.1 

945.5 

975.5 
♦30.0 

909.5 

937.7 

♦28.2 

891.3 

914.4 
♦23.1 

854.2 

875.8 

+21.6 

852.1 

870.6 

♦18.5 

863.6 

878.2 

♦14.6 

892.7 

907.3 

♦14.6 

974.6 

983.1 

♦8.5 

833.4 

798.1 

-35.3 


aT (ERBS-JETA), k 

25 

26 

JETA 

ERBS 

601.3 

607.4 
+6.1 

539.0 

539.1 
+ .1 

745.9 

758.6 

♦12.7 

721.3 

735.9 

♦14.6 

714.7 
1 728.8 

+ 14.1 

681.7 

690.2 

♦8.5 

699.3 

706.1 

♦6.8 

709.6 

715.3 

♦5.7 

711.9 

715.2 

♦3.3 

799.2 

792.3 
-6.9 

609.5 

627.9 

♦18.4 


aT (ERBS-OETA). K 

27 

28 

JETA 

ERBS 

771.4 

779.7 

♦8.3 

707.8 

707.3 

-.5 

874.6 

891.7 
♦17.1 

824.3 

836.3 
♦12.0 

' 796.7 

804.9 
♦8.2 

766.8 

771.1 

♦4.3 

772 .5 
775.3 
+2.8 

793.6 

794.9 

♦1.3 

812.6 

814.2 

♦1.6 

890.8 

887.1 

-3.7 

784.9 

769.7 

-15.2 


aT (ERBS-OETA), K 

29 

30 

JETA 

ERBS 

774.6 

786.8 

♦11.8 

708.6 

710.4 

♦1.8 

904.6 

926.7 
♦22.1 

856.3 

875.2 

♦18.9 

829.7 

845.5 

♦15.8 

795.4 

807.1 

♦11.7 

797.8 

807.3 

+9.5 

817.3 

824.2 

♦6.9 

835.4 

843.1 

♦7.7 

933.6 

932.3 

-1.3 

806.7 

790.6 

-16.1 


at :efss-jetai, k 

31 

32 

JETA 

ERBS 

775.9 
786.1 
♦1C. 2 

707.1 

707.8 

914.2 

932.8 

♦18.6 

885.1 

902.5 

♦17.4 

869.2 

884.4 

♦15.2 

836.2 

843.8 

♦12-6 

840.1 

852.6 

♦L2.5 

854.8 

864.3 

*10.0 

871.8 

681.2 

♦9.4 

976.2 

972.4 

-3.8 

831.9 

802.2 

-29.7 

J 











TABLE V. - COMBUSTOR FUEL FLOW PARAMETERS 



Fuel 

Fuel 
temp. , 
K 

JETA 

305 

ERBS 

305 

JETA 

305 

ERBS 

305 

JETA 

304 

ERBS 

303 

JETA 

306 

ERBS 

309 

JETA 

321 

ERBS 

322 

JETA 

320 

ERBS 

327 

JETA 

313 

ERBS 

330 

JETA 

321 

ERBS 

311 

JETA 

314 

ERBS 

310 

JETA 

321 

ERBS 

309 

JETA 

313 

JETA 

312 

ERBS 

313 

JETA 

312 

ERBS 

311 

JETA 

308 

ERBS 

310 

JETA 

312 

ERBS 

312 

JETA 

311 

ERBS 

312 

JETA 

310 

ERBS 

311 


Total 
fuel mass 
flow rate 
gm/ sec 

Pressure 
drop across 
primary nozzle, 
N/cm^ 

11.1 

88.1 

10.9 

81.4 

13.7 

137. 

13.6 

125. 

16.6 

201. 

16.6 

194. 

23.9 

444. 

23.9 

412. 

11.9 

114. 

12.1 

111. 

14.9 

177. 

14.9 

170. 

18.2 

261. 

18.4 

258. 

43.6 

352. 

42.9 

309. 

49.2 

346. 

49.6 

293. 

57.4 

337. 

57.0 

285. 

73.0 

272. 

73.1 


72.5 

478. 

54.5 

305. 

54.8 

262. 

111. 

296. 

110. 

317. 

59.2 

227. 

57.8 

193. 

73.8 

207. 

72.0 

180. 

91.7 

241. 

89.2 

221. 


Pressure 
drop across 
secondary nozzle, 

l\l I r m2 


53.3 

117. 

43.8 


.265 

0.00 

.363 









TABLE VI. - COMPUTER PROGRAM RADS OUTPUT SUMMARY 


Run 

number 

Fuel 

Pres- 

sure, 

atm 



Primary zone 
Inferred 
soot 
concen- 
tration, 

g/m 3 





condary zone 
Inferred 
soot st 

concen- 
tration, 

gm/m 3 





Dilution 

Inferred 

soot 

concen- 

tration, 

gm/m 3 

zopp 


Equi- 
1 ibruim 
temper- 
ature, 
K 

Meas- 

ured 

radi- 

ation 

W/cm 2 

Total 

primary 

zone 

radi- 

ation, 

W/cm 2 

Ratio 
band 
to soot 
radi- 
ation in 
primary 
zone 

Eoui- 
1 ibruim 
temper- 
ature, 
K 

Meas- 

ured 

radi- 

ation, 

W/cm 2 

Total 

scondary 

zone 

radi- 

ation, 

W/cm 2 

Ratio 
band to 
soot 
radi- 
ation in 
second- 
ary 
zone 

Equi- 

librium 

temper- 

ature, 

K 

Meas- 

ured 

radi- 

ation, 

W/cm 2 

Total 

dilu- 

tion 

zone 

radi- 

ation, 

W/cm 2 

Ratio 
bagd 
to soot 
radi- 
ation in 
oi lu- 
tion 
zone 

1 

JETA 

2.76 

1222 

2.58 

0.679 

2.83 

1.27 

1052 

1.35 

0.759 

1.53 

1.45 

799 

0.66 

3.10 

0.790 

0.600 

2 

ERBS 

2.70 

1212 

2.57 

.754 

3.09 

1.36 

1044 

1.53 

1.14 

1.72 

.993 

793 





3 

JETA 

2.76 

1393 

3.53 

.338 

4.34 

2.29 

1197 

2.10 

.526 

2.34 

1.66 

892 

.85 

1.66 

.990 

.905 

4 

ERBS 

2.70 

1386 

3.08 

.262 

3.78 

2.82 

1186 

2.28 

.716 

2.77 

1.48 

885 





5 

JETA 

2.76 

1553 

4.15 

.136 

5.18 

4.46 

1325 

2.72 

.308 

3.44 

2.79 

976 

1.06 

1.00 

1.21 

1.2b 

6 

ERBS 

2.70 

1561 

4.42 

.172 

5.33 

3.33 

1331 

3.59 

.617 

4.23 

1.36 

980 





7 

JETA 

3.38 

2261 

21.9 

.236 

25.6 

1.34 

1962 

20.1 

.614 

21.0 

.611 

1451 

6.42 

.869 

6.89 

.813 

8 

ERBS 

3.42 

2225 

23.2 

.303 

26.6 

1.08 

1925 

23.7 

.939 

24.5 

.440 

1424 





9 

JETA 

3.38 

1911 

22.7 

.942 

23.5 

.426 

1673 

12.3 

.913 

12.9 

.564 

1307 

5.02 

1.44 

5.36 

.565 

10 

ERBS 

3.37 

1879 

23.8 

1.16 

25.8 

.433 

1645 

10.3 

.762 

10.8 

.671 

1288 





11 

JETA 

3.38 

2123 

32.2 

.770 

35.0 

.492 

1856 

19.2 

.883 

20.0 

.476 

1429 

7.34 

1.32 

7.77 

.536 

12 

ERBS 

3.37 

2100 

32.8 

.859 

35.3 

.446 

1835 

16.7 

.756 

18.5 

.649 

1415 





13 

JETA 

3.38 

2332 

39.2 

.546 

42.8 

.549 

2055 

28.7 

.809 

31.3 

.504 

1567 

10.5 

1.16 

11.0 

.518 

14 

ERBS 

3.37 

2326 

42.0 

.623 

45.3 

.478 

2048 

31.1 

.948 

33.5 

.432 

1562 





15 

JETA 

7.03 

2026 

41.1 

1.43 

42.9 

.446 

1756 





1336 





16 

ERBS 

7.06 

2020 

46.1 

1.82 

47.9 

.371 

1750 

31.4 

3.12 

32.8 

.337 

1331 





17 

JETA 

7.03 

2177 

48.4 

1.08 

50.5 

.483 

1888 





1425 





18 

ERBS 

7.06 

2187 

48.5 

1.05 

50.5 

.484 

1897 

48.0 

3.64 

49.7 

.273 

1430 





19 

JETA 

7.03 

2359 

53.0 

.659 

55.5 

.665 

2064 





1548 





20 

ERBS 

7.06 

2333 

47.0 

.600 

49.3 

.681 

2035 

64.1 

3.41 

66.1 

,251 

1526 





21 

JETA 

10.19 

2281 

39.1 

.444 

41.8 

1.12 

1971 

61.4 

4.28 

63.7 

.284 

1456 





21A 

JETA 

10.19 

2273 

38.8 

.450 

41.6 

1.12 

1964 

62.7 

4.78 

65.0 

.273 

1451 





22 

ERBS 

10.26 

2235 

41.7 

.615 

44.4 

.857 

1926 

70.1 

12.4 

72.7 

.216 

1424 





23 

JETA 

10.23 

2356 

55.5 

.651 

58.5 

.805 

2065 

70.1 

3.56 

72.6 

.273 

1573 





24 

ERBS 

10.21 

2357 

62.2 

.827 

65.1 

.637 

2065 

80.5 

5.38 

83.0 

.225 

1572 





25 

JETA 

16.82 

2322 

45.1 

.370 

49.2 

1.78 

2009 

80.5 

8.55 

83.7 

.308 

1481 





26 

ERBS 

17.06 

2262 

47.6 

.567 

51.4 

1.25 

1949 

86.6 

27. 
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Figure 1. -Test facility and auxiliary equipment 



Figure 2. - Tubular combustion test section. 





Figure 3. - Combustor housing/heat flux transducer installation, 
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Figure 4. - Combustor assembly and instrumentation sections. 
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Figure 6. - Backside thermocouple & radiometer locations. 


100 


80 



Fuel 

Zone 

0 

ERBS 

Primary 

• 

Jet A 

Primary 

□ 

ERBS 

Secondary 

■ 

Jet A 

Secondary 


□ 

■ 


60 




40 


£ 


& 


20 i-^ J L-— J 


(a) T in = 535K,f/a mass ratio -.0155, 




Inlet pressure, P jn , N/cm 2 
(c) Tj n = 701 K,f/a mass ratio - . 0101. 


Fuel 

Zone 

O ERBS 

Primary 

• Jet A 

Primary 

□ ERBS 

Secondary 

■ Jet a 

Secondary 



? 


B 

f • 


(a) Tj n = 701 K, inlet pressure 
- 33.7 N/cm 2 . 



(b) Tj n " 701 K* inlet pressure 
- 169. 4 N/cm 2 . 


Fuel Zone 



Figure 7. - Pressure effects on radiant 
heat flux. 


Figure 8. - Fuel/air mass 
ratio effects on radiant heat 
flux. 


Figure 9. - Effect of inlet air tempera- 
ture on radiant heat flux at a f/a 
mass ratio of .0154 
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Figure 10 - Behavior of inferred soot concentration with local equilibrium 
temperature. 
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Figure 11. - Behavior of inferred soot concentration with pressure. 
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